Introduction
Hepatocellular carcinoma (HCC), the most common cause of primary liver malignancy, has rapidly increased in recent years. 1 In 2012, an estimated 1.5 million new liver cancer cases and deaths occurred worldwide, with China alone accounting for ~50% of the total number.
1,2 Furthermore, the incidence of HCC is increasing in Western Europe and North America, which historically have had low rates. 2 Although various oncogenes or signaling pathways are implicated in HCC, the molecular basis for HCC initiation and propagation remains largely unknown. 2 Therefore, novel therapeutic approaches and molecular targets are urgently required for the effective treatment of human HCC.
Many altered oncogenes or tumor suppressor genes participate in the occurrence and development of human HCC. Mammalian WD-repeat protein 12 (WDR12), a member of the family of proteins ending with tryptophan-aspartic acid (WD) repeats, is a putative homologue of yeast Ytm1p and contains 7 WD repeats. WDR12 mRNA is ubiquitously expressed during embryonic development, and high expression levels are found in the thymus and testis tissue of adult mice. 3 In mammals, WDR12 forms a stable complex with Pes1 and Bop1 named PeBoW, which plays crucial roles in the ribosome biogenesis pathway. As a component of PeBoW, WDR12 is an essential factor for the processing of 32S precursor ribosomal RNA and cell proliferation. [3] [4] [5] Furthermore, WDR12 is required for the formation of 28S and 5.8S ribosomal RNAs and maturation of the 60S ribosomal subunit. 5, 6 It was observed that knockdown of WDR12 expression in neonatal myocytes resulted in reduced phosphorylation of ERK1/2, p38 MAPK, and HSP27. This finding may partially elucidate the mechanistic role of WDR12 in the regulation of cell proliferation and survival. 7, 8 Despite these elegant observations, the role of WDR12 in other physiological processes is largely unresolved. 9 In the present study, we first found that a high expression level of WDR12 is correlated with negative clinical outcomes in HCC patients. Next, we discovered that WDR12 supports the growth of human HCC cells. Finally, inhibition of WDR12 expression significantly decreased the proliferation of HCC cells by mediating the Akt-mTOR-S6K1 signaling axis. These findings suggest that WDR12 is a promising target for human HCC treatment.
Materials and methods

Cell culture
All the HCC cell lines and the normal hepatocyte LO2 cell line were purchased from Cell Lines Bank, Chinese Academy of Science (Shanghai, China). Cell lines were cultured in DMEM supplemented with 10% FBS at 37°C in 5% CO 2 . The Ethical Committee of Binzhou Medical University approved the use of the cell lines in this study.
Reagents and antibodies
Anti-human WDR12 antibody (catalog number ab95070) was purchased from Abcam (Cambridge, UK). Antibodies against Akt (catalog number 3063), p-Akt (S473) (catalog number 4060), p-mTOR (S2448) (catalog number 5536), and p-S6K1 (S371) (catalog number 9208) were provided by Cell Signaling Technology (Beverly, MA, USA). Antibodies against S6K1 (catalog number 14485-1-AP), mTOR (catalog number 20657-1-AP), and actin (catalog number 60008-1-Ig) were from ProteinTech Group (Chicago, IL, USA). Secondary antibodies were provided by Zen Bioscience (Chengdu, China).
Gene expression and survival analysis
Microarray data for WDR12 in human HCC tumor or normal liver tissues were obtained from the Gene Expression Omnibus (GEO) data set accession numbers GSE5363, GSE19665, and GSE6764. For survival analyses, HCC data were obtained from the CBioPortal data set "Liver Hepatocellular Carcinoma" (the Cancer Genome Atlas [TCGA]), Provisional (http://www.cbioportal.org/study?id=lihc_tcga), as previously described. 10 The most recent update was on June 02, 2016. Primary clinical data from HCC patients were submitted (Supplementary material). Samples with unabridged data were divided into three groups equally according to the mRNA level of WDR12. Kaplan-Meier analysis was performed to estimate the overall and disease-free survival of HCC patients.
Quantitative real-time PCR
Total RNA was extracted using Trizol (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Appropriate amounts of RNAs (1 µg) were used to generate cDNA with random hexamers from mRNA (Life Technologies, Thermo Fisher Scientific). The mRNA was quantified using SYBR Green PCR Master Mix (Life Technologies) and normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels.
Lentivirus construction and infection
shRNAs targeting WDR12 were inserted into the lentiviral vector PLL3.7. The target sequence of WDR12 was as follows: WDR12-1: 5′-CCTTGGAAGGAAAGTCAATAA-3′ and WDR12-2: 5′-CTTCTATGGATCAGACTATTC-3′. Construction and infection of the lentivirus was performed as previously described. 11 The WDR12 shRNA plasmid was mixed with pSPAX2 and pMD2G packaging plasmids at a ratio of 4:3:1 and then transfected into HEK-293T cells using PolyJet reagent. Supernatant containing lentivirus was collected separately at 48 and 72 hours posttransfection. The lentivirus was filtered and used for subsequent infection assays. 
Western blot
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WDR12 supports hepatocellular carcinoma propagation cell suspension was placed on ice for 20 minutes and then centrifuged for 10 minutes at 14,000 rpm. The supernatant was harvested, and the protein concentration was analyzed using a BCA protein assay kit. The samples were boiled with loading buffer and then separated on SDS-PAGE gels (BioRad Laboratories Inc., Hercules, CA, USA) and transferred to polyvinylidene difluoride (PVDF) membranes. The PVDF membranes were blocked with 5% BSA and then incubated with specific primary antibodies and appropriate secondary antibodies. The blots were detected using chemiluminescent agents with Alpha Innotech's (San Leandro, CA, USA) FluorChem imaging system. To ensure that equal amounts of sample protein were used for electrophoresis, actin was used as an internal control.
Cell growth/proliferation assay HCC cells were preinfected with scrambled or WDR12 shRNA, and then cell growth and proliferation were detected. For the cell growth assay, cells were seeded into 24-well plates at 24 hours postinfection. Then, the cell number was counted using a TC20 automated cell counter at the indicated days, and cell growth was evaluated by calculating the fold change of the cell number. Cell proliferation was evaluated using the EdU Kit (catalog number C10310-1; Ribobio, Guangzhou, China) as we previously described.
12,13
Transwell assay
Transwell assay was used to determine the migration ability of the HCC cells. HCC cells were preinfected with scrambled or WDR12 shRNA for 24 hours. Then, 3×10 4 cells were seeded into the top chamber in serum-free DMEM. A total of 750 µL DMEM containing 10% FBS was added into the bottom chambers. After 8 hours of incubation, the cells in the top chamber on the layer were completely removed with Q-tips. The cells beneath the upper chambers were dipped in methanol and stained with 0.25% crystal violet, and then the cell numbers were counted to evaluate the migration ability of the cells.
Statistical analysis
For all experiments, at least three independent repeats were performed, and the data are presented as the mean±SD. Statistical analysis was performed with SPSS 17.0. Student's t-test was used to compare the differences between two groups, and a one-way ANOVA was used to compare multiple groups. A log-rank test was used to analyze overall and disease-free survival differences between patient groups. A chi-squared test was used to analyze the correlation of WDR12 expression with the clinicopathological features of HCC patients. P-values <0.05 were defined as significantly different.
Results
WDR12 is upregulated in HCC samples
To confirm the effect of WDR12 on human HCC patients, we first analyzed the mRNA expression level of WDR12 using an in-silico analysis method. The GEO analysis results indicated that the expression level of WDR12 mRNA in HCC samples was much higher than that in normal tissues ( Figure 1A) . Next, the level of WDR12 was examined in several HCC 
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Yin et al cell lines, such as Hep3B, HepG2, Huh-7, and SMMC-7721. We found that WDR12 protein was aberrantly upregulated in human HCC cell lines compared to the expression in normal hepatocyte LO2 ( Figure 1B) . Then, we further analyzed the mRNA expression level of WDR12 using data from the GEO data set accession number GSE6764. Consistently, WDR12 was more elevated in advanced HCC compared to the levels in early HCC and normal samples ( Figure 1C ). Taken together, these data show that WDR12 is upregulated in HCC samples.
WDR12 overexpression predicts poor prognosis in hCC patients
To identify whether the elevated levels of WDR12 (Figure 2A , Supplementary material) and reduced disease-free survival ( Figure 2B , Supplementary material). These data indicate that WDR12 may be a convincing indicator for poor prognosis in HCC.
Silencing WDR12 expression inhibits the proliferation of HCC cells
Since WDR12 was most highly expressed in HepG2 and Huh-7 cells among the several assessed cell lines, these two cell lines were used to perform the remaining experiments.
To further study the biological role of WDR12, lentiviruses containing shRNAs were used to deplete WDR12 expression. We first determined the efficiency of the designed shRNAs using RT-PCR and Western blot in HepG2 and Huh-7 cells.
RT-PCR data indicated that the tested shRNAs efficiently decreased WDR12 transcription compared with scrambled shRNA in both HepG2 and Huh-7 cells ( Figure 3A) . Concordantly, Western blot results showed similar deletion efficiency at the protein level ( Figure 3B ). To further explore the effect of WDR12 on HCC, we transfected WDR12 or scrambled shRNAs into HepG2 or Huh-7 cells and then counted the number of cells to measure the cell viability. Treatment with WDR12 shRNA led to a significant decrease in HCC cell growth ( Figure 3C ). Cells treated with WDR12 shRNAs grew more slowly at 3 days postinfection, and growth inhibition was more apparent at 4 days and 5 days postinfection ( Figure 3D and E). For instance, at Days 4 and 5 after infection with shRNAs, the HepG2 cells treated with shRNA1 or shRNA2 had 49.54% and 43.48% or 59.37% and 50.14% growth, respectively, compared with control cells infected with scrambled shRNA ( Figure 3D ). To investigate the mechanism of how WDR12 promotes the growth of HCC cells, we evaluated cell proliferation and apoptosis in HepG2 and Huh-7 cells infected with scrambled or WDR12 shRNA. 5-Ethynyl-2′-deoxyuridine (EdU) labeling results indicated that downregulation of WDR12 dramatically suppressed the proliferation of HCC cells ( Figure 4A 
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WDR12 supports hepatocellular carcinoma propagation scrambled shRNA-transfected cells vs 15.47% and 17.36% in WDR12 shRNA1-and shRNA2-treated cells at 72 hours postinfection). However, compared with control cells, WDR12 knockdown had no influence on the apoptosis of HCC cells (data not shown). We also evaluated the biological function of WDR12 in normal liver cells. Interestingly, knockdown of WDR12 had no effect on the proliferation of the normal hepatocyte cell line LO2 ( Figure 4A and B) . These results 
Silencing WDR12 expression inhibits the migration of HCC cells
Since WDR12 expression was markedly associated with TNM and vascular invasion in HCC patients, we hypothesized that WDR12 might affect the motility of HCC cells. Thus, we evaluated the potential role of WDR12 in cell migration using transwell assays. As expected, a significant decrease in transwell cell migration was clearly seen in HepG2 cells transfected with WDR12 shRNA compared to that in control cells transfected with scrambled shRNA ( Figure 5A ). Statistically, the relative number of migrating cells was significantly decreased in WDR12-deficient cells compared to that in scrambled shRNA-treated cells ( Figure 5B ). Similar results were observed in another HCC cell line, Huh-7 ( Figure 5A and B). However, knockdown of WDR12 had no effect on the migration of a normal liver cell line, LO2 ( Figure 5A and B). These results suggest that WDR12 facilitates the migration of HCC cells.
WDR12 promotes Akt-mTOR-S6K1 signaling activation
To identify downstream signaling networks regulated by WDR12, we next examined Akt-mTOR-S6K1 signaling, which plays a significant role in regulating cancer cell proliferation. To inspect the role of WDR12 in the AktmTOR-S6K1 signaling pathway, cells were infected with scrambled or WDR12 shRNA, and then the expression and phosphorylation of Akt, mTOR, and S6K1 were analyzed. While knockdown of WDR12 did not induce expression of Akt, mTOR, or S6K1, it decreased the phosphorylation of Akt, mTOR, and S6K1 in both Huh-7 and HepG2 cells ( Figure 6A ). Finally, HepG2 cells were treated with WDR12 shRNA for 24-72 hours, followed by Western blot analysis of the phosphorylation of Akt, mTOR, and S6K1. We found that knockdown of WDR12 decreased the phosphorylation of Akt, mTOR, and S6K1 in a timedependent manner ( Figure 6B ). These findings indicate that WDR12 mediates a signaling network including Akt, mTOR, and S6K1 to promote the growth and proliferation of HCC cells. 
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Yin et al cellular processes, including signal transduction, transcription regulation, cell cycle progression, autophagy, and apoptosis. 14,15 WDR12, as a component of the PeboW complex, participates in ribosome biogenesis and cell proliferation. 3 Previous studies have suggested that WDR12 was related to cardiovascular diseases, including myocardial infarction and coronary artery disease. 16 However, the role of WDR12 in human tumors has not been explored. Herein, we have demonstrated that WDR12 was aberrantly overexpressed in human HCC patients and cell lines. Significantly, WDR12 expression was negatively correlated with overall and disease-free survival in patients with HCC. Knockdown of WDR12 by shRNAs revealed that WDR12 supports HCC development by promoting the proliferation and migration of HCC cells. Herein, we first demonstrated the function of WDR12 in supporting HCC development. This finding may provide novel insights into the molecular function of WDR12 in cancer. Importantly, previous studies suggested that the WD-repeat domain has a structurally diverse pocket that may be pharmaceutically acceptable. 15 Thus, our findings may be helpful in designing new therapeutic strategies for patients with HCC.
Most WD repeat proteins seem to be regulatory and perform crucial roles in signal transduction. Many studies have shown that there are many WD-repeat proteins involved in signal transduction in many human diseases, including cancer. 17 Recently, Chen et al 18 showed that WDR79 regulates the ubiquitination and degradation of UHRF1 and thus mediates the proliferation of nonsmallcell lung cancer cells. In addition, WDR5 was shown to promote the proliferation of gastric cancer cells by mediating the expression of cyclin D1. 19 Another study showed that WDR5 knockdown significantly inhibits the proliferation, invasion, and migration of head neck squamous cell carcinoma cells. 20 Collectively, these studies suggest that WD-repeat proteins play significant roles in the proliferation and motility of cancer cells by regulating a variety of signaling pathways. Nevertheless, the molecular mechanism of the function of WDR12 in promoting different aspects of tumor malignancy remains poorly determined. A new discovery in our research is that WDR12 promotes the activation of Akt-mTOR-S6K1 signaling. A previous study showed that WD-repeat propeller-FYVE protein (ProF) is a binding partner of the serine/threonine protein kinase Akt. ProF consists of seven WD repeats, acting as a protein-protein binding platform, whereas the FYVE domain interacts with Akt. 21, 22 Given that WDR12 does not possess any enzymatic activity, we speculate that WDR12 may act as a protein-protein binding platform and promote interactions between Akt and other FYVEcontaining kinases. Thus, the WD-repeat propeller domains of WDR12 may play crucial roles in promoting Akt and mTOR phosphorylation. Further studies are required to confirm the mechanism of how WDR12 regulates Akt and mTOR activation both in vitro and in vivo.
Conclusion
Altogether, we have revealed a new effect of WDR12 on maintaining the proliferation and migration of HCC cells by promoting Akt-mTOR-S6K1 signaling. WDR12 is highly enriched in functional HCC cells and might be an ideal therapeutic target for treating human HCC. The function of WDR12 in supporting cancer development in vivo in HCC or other solid tumors warrants further study.
